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I, I n t r d u c t i o n  
During the last three year8,  the work supported by the  NASA 
mbrials Grant has evolved into a concen t r a t ion  in three p r i n c i p a l  
areas : 
1, Data process ing  (optical and aagne t i c )  
2. wdrogen  in Hetals and Stress-Corrosion Phenomena 
3. Pol-vroers and Materials a t  High Temperatures and P n s s u r e s .  
These g e n e r a l  areas were chosen after a series of working con- 
ferences intendei! to i d e n t i f y  HASA problem areas related to  t h e  
cuapetence of t h e  i n v e s t i g a t o r s  in solid materials a t  R i c e  U n i V e r -  
s i t y ,  These conferences are listed below: 
1. Conference on Photochronirw (btAsA Washington, Aug, 20, 
1970) 
2, Conference on Eydrogen Bmbrittlement (NASA Lewis, 
April 16, 1971) 
3. Conference on Polymers (NASA Lewis, Octo 16-18, 1972) 
Shce the  t i m e  of these conferences,  t h e  funds of the  NASA 
Materials Grant have been d i s t r i b u t e d  to suppor t  research t h a t  can 
c o n t r i b u t e  to the  s o l u t i o n  of t h e  fundamental problems in these  
areas b 
As a consequence, 15  f a c u l t y  m a r s  i n  5 departments received 
suppor t  for t h e  r e sea rch  described i n  Sec t ion  I1 of t h i s  report, 
Also p a r t i c i p a t i n g  were 11 graduate  s t u d e n t s  (3 foreign) and 5 
postdoctoral fellows (2  fo re ign ) .  The p u b l i c a t i o n 8  r e p o r t i n g  past 
work i n  the areas supported by t h i s  g r a n t  ate given i n  Appendix I. 
The research programs supported by t he  g r a n t  have been 
o r i e n t e d  toward a fundamental understanding of t h e  solid-state 
materials sc i ence  inwolved in the  three major areas of i n t e r e s t ,  
our i n t e n t i o n  for the f u t u r e  is to make t h i s  research -re problem- 
o r i e n t e d ,  and for this purpose i t  w i l l  be necessary  for us  to 
es t a3 l i sh  much closer con tac t  w i t h  those NASA groups vmrkhg  in 
these areas. 
we hop= to i n c r e a s e  the s t r e n g t h  of t he  i n t e r a c t i o n  w i t h  the N?SA 
working groups and to inc rease  the emphasis on problem-related 
research programs, 
Our next  proposal w i l l  describe the  methods by which 
A f i n a n c i a l  s ta tement  covering the  period of this report is  
given in Appendix 11, 
Research Reports 
A. Data Processing 
S b f f :  R. C. Bourne, Pridfessor of E l e c t r i c a l  Engineering 
T. L. B s t l e ,  Professor of Phys ics  
R. C.  U n n i c k ,  Professor of Electrical Engineering 
T. A. Rabaon, Professor of Electrical Engineering 
&I. L. Ru6ee, Associate Professor of Materials Science 
F- K. T i t t e l ,  Associate professor of Electrical Engineering 
1) optical Information Storage  
As t h e  speed of c u r r e n t  computers i n c r e a s e s ,  the amount of 
The u l t i m a t e  c a p a c i t y  of data which can be processed inc reases .  
practical computers i s  thus  o f t e n  determined by t h e  storage d e n s i t y ,  
access speed, and cost of t h e  memry system. One of the  mst 
attractive of t h e  a l t e r n a t i v e s  for new memories is o p t i c a l  storage. 
I n  p a r t i c u l a r  t h e  three-dimensional phase holographic storage pos- 
sible i n  e l e c t t o o p t i c  c r y s t a l s  could lead to s i g n i f i c a n t  r educ t ions  
i n  cost and i n c r e a s e s  i n  speed and dens i ty .  However, p rog res s  i n  
developing such o p t i c a l  memories is seve ra ly  hampered by a lack of 
understanding of t h e  basic solid state processes involved. 
i n  t u r n  impedes the  d.evelopment of memories w i t h  char- 
acteristics as good as those needed (characteristics which i n  
p r i n c i p a l  seem r e a l i z a b l e ) .  The goa l  of t h i s  r e sea rch  is to provide 
the  basic understanding necessary for the  f u t u r e  development of t h i s  
'Phis 
technology. 
2. 
Two complementary r e sea rch  programs are exp lo r ing  t h i a  subjec t .  
One is  carried o u t  i n  t h e  Physics  Department under Professor T. Lo 
B s t l e  and t h e  other i n  t h e  E l e c t r i c a l  B n g b e e r i n g  Department under 
Professors T. A, Rabson and F. K. T i t t e l .  
p r i m a r i l y  l i t h i u m  n ioba te  (Limo,). 
electric c r y s t a l s ,  t h e  phase holograms which r e s u l t  when laser beams 
i n t e r f e r e  i n  the c r y s t a l  are caused by the fol lowing cha in  of events :  
photo ioniza t ion  of 6efects i n  the c r y s t a l ,  m t i o n  of the charge car- 
riers, and t rapping  of the  carriers a t  defects. If the  carriers are 
e l e c t r o n s  t h e  r eg ions  of constructive i n t e r f e r e n c e  (high light in ten-  
s i t y )  
i n t e r f e r e n c e  (low i n t e n s i t y )  become negat ive ,  The l i n e a r  electro- 
optic effect causes  t h e  r e s u l t i n g  space charge to mani fes t  itself as 
changes i n  the refractive i n d i c e s  an& a phase hologram is produced. 
Both programs have s t u d i e d  
I n  LiNbO,, and. other ferro- 
becOme p o s i t i v e l y  chargee and t h e  r e g i o n s  of d e s t r u c t i v e  
The s t u d i e s  of LiNbO i n  the  Physics  Department have been 
The s e n s i t i v i t i e s  of 
3 
pr imar i ly  on C e l i b e r a t e l y d o p e d  c r y s t a l s ,  
LWbOj crystals s i n g l y  doped wi th  T i ,  Cr, Mn, Fe, Co, N i ,  Cu, Er ,  or 
U have been measure&. 
made as a func t ion  of the wavelength an6 t h e  p o l a r i z a t i o n  of the 
argon i o n  laser used. to w r i t e  the holograms. Polarized optical 
absorp t ion  spectra tiere obta ined  for a l l  oe these c r y s t a l s ,  Of t he  
n ine  dopants  s tud ied ,  the  best sens i t iv i t ies  were obtained for Mn, 
Fe, and Cu doped c r y s t a l s .  These three samples have s e n s i t i v i t i e s  
which are two to three orders of magnitude better than  the  p u r e s t  
undoped LilJb03 stuilfed i n  t h i s  labora tory .  A l l  three have sens i -  
t i v i t i e s  comparable to t h e  !---t repr ted  values.  
iriany of the s e n s i t i v i t y  measurements have been 
3. 
The s e n e i t i v i t y  i s  observed to i n c r e a s e  as t h e  wavelength de- 
creases. I n  a d d i t i o n  t h e  s e n s i t i v i t y  i s  u s u a l l y  least  where t h e  
impuri ty  induced optical abso rp t ion  is l a r g e s t  s i n c e  t h e  absorp t ion  
seems to take l i g h t  from t h e  i n c i d e n t  beams w i t h  l i t t l e  or no c o m -  
pensa t ing  i n c r e a s e  i n  photo ioniza t ion  e f f i c i e n c y .  It would appear 
feasible to i n c r e a s e  the s e n s i t i v i t y  of iron-doped material by about 
another  order of magnitude by going to a shorter wavelength than the 
488 nm. l i n e  of an  argon i o n  laser. 
a d j u s t i n g  the  Pe3+ to pe2+ c o n c e n t r a t i m  should combine w i t h  t h e  
wavelength dependence and t h e  p r e s e n t  measured s e n s i t i v i t y  to  imply 
a possible s e n s i t i v i t y  of i r o n 4 p e d  LiNbO which would be f i v e  or-  
ders of magnitude greater than for pure  Limo3. 
rn i n c r e a s e  i n  s e n s i t i v i t y  by 
3 
In  order to extend t h e  s t u d i e s  of doped LiNb03 to i m p u r i t i e s  
p r e s e n t l y  unavai lab le ,  d i f f u s i o n  of i m p u r i t i e s  i n t o  Limog crystals 
i s  being attempted. 
i d e n t i c a l  e l e c t r o n  paramagnetic resonance (EPR) spectra to t h e  c rys-  
ta ls  doped i n  t h e  m e l t  and s t u d i e d  earlier.(These latter c r y s t a l s  
were purchased from Isornet. R i c e  has  no faci l i t ies  for growing the 
r equ i r ed  c r y r t a l r . )  
crystals into which copper was d i f fused .  A LiNb03 c r y s t a l  was also 
doped w i t h  s i lver  by d i f f u s i o n  and p re l imina ry  EPR experiments sug- 
gest t h a t  t h e  si lver also is p r e s e n t  i n  the crystal, a l though t h e  
s p e c t r a  have n o t  been explained as ye t .  
Crystals doped w i t h  copper by d i f f u s i o n  have 
No o t h e r  measurements have y e t  been made on t h e  
A l l  copper-doped LilNb03 c r y s t a l s  show a complicated a n i s o t r o p i c  
For a long per iod  of time it  EPR spectrum r e s u l t i n g  from t h e  copper. 
4. 
was n o t  clear whether t h e  copper was associated w i t h  another  defect 
o r  whether a spontaneous d i e t o r t i o n  occurs  because of t h e  Jahn-Teller 
effect. 
d i s t o r t i o n  or something between these extremes. The la t ter  seems to 
be the case. 
The lat ter may manifest  i tself  as a static or dynamic 
S t u d i e s  of other electrooptic c r y s t a l s  have been started. 
Early measurements on potassium and ammonium dihydrogen phosphate 
(KDP and ADPI did n o t  reveal a measurable s e n s i t i v i t y  for w r i t i n g  
phase holograms. 
wi th  Mn, Fe, or Cu. 
e l e c t r o o p t i c ,  they  are no t  ferroelectric a t  room temperature. 
Therefore t h e  measurements were made both w i t h  and without  a large 
applied electric f ie ld .  
The ADP s t u d i e d  w a s  pu re  and also doped s i n g l y  
The KDP was pure. Although these c r y s t a l s  are 
The program i n  t h e  Electrical Engineering Department cont inued 
to focus on the  use of pulsed  lasers to w r i t e  phase holograms i n  
LiNb03. 
Report #27. 
30 t o  75 nanosecond dura t ion .  
ruby laser and a p u l s e  a t  531 nm. from a frequency-doubled Nd:glass 
laser were used to write i n  i r o n  doped LiNb03. 
t i v i t y  for these 3x10-* sec. p u l s e s  is  better than t h e  estimates 
made t , :ng CW lasers. 
l i m i t i n g  w r i t i n g  speeds greater than about  10" sec. 
Wri t ing  w i t h  p u l s e  t r a i n s  was reported i n  Semi-Annual S t a t u s  
Holograms have now been w r i t t e n  w i t h  a s i n g l e  pu l se  of 
A p u l s e  a t  694.3 nrn. from a Q-switched 
The recording sens i -  
C lea r ly  there is no i n t r i n s i c  t i m e  cons t an t  
The a e n s i t i v i t y  of t h e  iron doped c r y s t a l  was measured as a 
func t ion  of wavelength. The h igh  s e n r i t i v i t y  was aacr ibed  to  the 
high Fe2+ concent ra t ion  and t h e  r e l a t i v e l y  l o w  Fe3+ concent ra t ion .  
2) Magnetic Recording Materials 
Although r a d i c a l l y  new technologies ,  such as optical s to rage ,  
may someday d r a s t i c a l l y  alter the approach to  s t o r i n g  data, there i s  
a s t r o n g  l i k e l i h o o d  t h a t  e x i s t i n g  technologies  w i l l  evolve so as to 
maintain t h e i r  importance. 
e x i s t i n g  technologies  is magnetic record ing  which has  r e c e n t l y  under- 
gone a s i g n i f i c a n t  change i n  d i r e c t i o n  w i t h  the  advent of bubble 
memories and p a r t i c u l a r l y  w i t h  the r e c e n t  development a t  IBM of 
amorphous materials for magnetic bubble memories. 
The oldest and most importhnt of t h e  
Thin magnetic f i lms made from c e r t a i n  materials w i l l ,  when of 
t h e  proper th i ckness ,  support magnetization i n  a d i r e c t i o n  perpen- 
d i c u l a r  to the  p l ane  of t h e  f i l m .  I n  genera l ,  t he  s ta te  of the  
f i l m  i s  such t h a t  t h e  direction of t h e  magnet izat ion i s  about  equa l ly  
divided between areas of upward-pointing and downward-poin t i n g  
magnetic f i e l d  vectors. These areas are called domains, and they 
are d i s t r i b u t e d  throughout t h e  f i l m  i n  a se rpen t ine  o r  maze-like 
random pa t t e rn .  When a DC magnetic bias f i e ld  i s  app l i ed ,  also 
perpendicular  to the  f i l m ,  those domains which are a l i g n e d  parallel 
to the  f i e l d  grow i n  area, w h i l e  those which are a n t i - p a r a l l e l ,  do- 
crease i n  size. I n  some of these materials, under t h e  proper con- 
d i t i o n s  of bias  f i e ld  and temperature,  the  a n t i - p a r a l l e l  domains 
w i l l  collapse i n t o  stable disc-like i s l a n d s  called bubbles. 
of the  high packing d e n s i t i e s  (10' b i t s  per square cent imeter )  and 
high data rates (10 Hertz) w'dch can be achieved i n  memory dev ices  
u t i l i z i n g  bubbles as b i t s ,  considerable interest has developed i n  
those materials which w i l l  suppor t  bubble s t r u c t u r e s .  
Because 
6 
6 .  
The two resea rch  programs a t  Rice i n  t h i s  area are now 
d i r e c t i n g  t h e i r  efforts toward the  s tudy  of amorphous materials for 
magnetic bubble memories. 
i n g  Department under the  d i r e c t i o n  of Professors H. C. Bourne an8 
R. C. Minnick and t h e  other is directed by Professor M. L. Rudee i n  
t h e  Materials Sr i ence  group of t h e  Department of Mechanical and 
Aerospace Engineering and Materials Science. 
One program is  i n  the E l e c t r i c a l  Engineer- 
The r e c e n t  work i n  the  Elactrical Engineering Department has 
concent ra ted  on two  major areas. The first was the s tudy  and analy- 
sis of bubble propagat ion circuits. O f  t h e  several methods possible 
for moving bubbles w i t h i n  a bubble material, the e x t e r n a l  e x c i t a t i o n  
of a permalloy ove r l ay  *. topagat ion c i r c u i t  has  had t h e  most success.  
Design of these c i r c u i t s  has been more o r  less i n t u i t i v e ,  and a c t u a l  
a n a l y t i c a l  s t u d i e s  of their p r o p e r t i e s  have proven to be q u i t e  d i f -  
f icuLt .  The static theoretical c i r c u i t  model w a s  extended to  incluC 
a r o t a t i n g  drive field.  From t h i s ,  a computer s imula t ion  determines 
energy profiles for a bubble i n t e r a c t i n g  wi th  t h e  dr ive c i r c u i t .  
The p o s i t i o n  of minimum energy is the p o s i t i o n  of t h e  bubble, and 
thus the motion of the  bubble i t s e l f  along t h e  propagat ion c i r c u i t  
can be determined as a func t ion  of e x t e r n a l  Br ive  field. Stud ies  of 
t h e  T-bar p a t t e r n ,  one of t h e  more commonly encountere6 c i r c u i t s ,  
were made using t h i s  technique. The effects of varying such c i r c u i t  
parameters a3 the p a t t e r n  wid th ,  and t h e  spacing between the  c i r c u i t  
elements could be e a s i l y  observed. Those factors which  were 
p r imar i ly  respons ib le  for l i m i t i n g  propagat ion speed could  be 
1. 
Qterm$ned, and criteriq for opt imum.cf rcu i t  degign were obtained. 
Extending the principles which evolved from t h i s  computer s imula t ion ,  
a f ie ld  access c i r c u i t  of s u b s t a n t i a l l y  d i f f e r e n t  character from 
previous ly  fabricated c i r c u i t s  was designed. 
and tested, and showed an e s s e n t i a l l y  uniform bubble velk :*r=y p. 
one of t h e  primary requirements of a high-speed, wide-margin 
propagat ion c i r c u i t .  
T h i s  c i r c u i t  was b u i l t  
;Ue, 
The other area i s  t h e  s tudy  of magnetic bubble materials. 
As reported last time, the announcement by IBM of the discovery of 
an amorphous metallic f i l m  composed of Gadolinium and Cobal t  which 
w i l l  suppor t  magnetic bubbles has  caused the  research to t u r n  toward 
t h i s  new class of bubble materials. 
made towards achiev ing  the c a p a b i l i t y  of p repa r ing  these f i lms .  
s p u t t e r i n g  appara tus  was cons t ruc ted ,  and is now ope ra t iona l .  
Several d i f f e r e n t  k inds  of Gd-co f i l m s  have been s p u t t e r e d  on g l a s s  
s u b s t r a t e s ,  and are now undergoing inves t iga t ion .  I n  o r d e r  to 
c a r e f u l l y  etudy and eva lua te  t h e  f i l m s  as they are produced, t h e  
c a p a b i l i t i e s  for determining t h e i r  composition by X-ray f luo res -  
cence, for measuring t h e i r  magnetic p r o p e r t i e s  w i th  a high-current 
B-H loop tracer, and for observing domain formation and propagation 
through the polar K @ r r  effect  have been developed. 
furnace  was cons t ruc t ed  for f a b r i c a t i o n  of  tungsten-backed s p u t t e r -  
i n g  t a r g e t s  of varying materials composition. 
progress for the development of a vacuum syetem i n  which magnetic 
f i l m s  can be produced by t h e  simultaneous evaporat ion of two materi- 
als from s e p a r a t e l y  -on t ro l l ed  e l e c t r o n  gun sources .  
S u b s t a n t i a l  p rog res s  has been 
A 
An electron-beam 
IJork is now i n  
8 .  
The r e sea rch  directed by Professor Rudee concerns amorphous 
mater ia la .  Part of t h i s  work is  now being directed to t h e  s tudy of 
-rphou8 magnetic bubble materials i n  close co l l abora t ion  w i t h  t h e  
group i n  Electrical Engineering. The p r e s e n t  effort8 are directed 
toward prepara t ion  of f i l m s  t h a t  d u p l i c a t e  the p r o p e r t i e s  reported 
by IBM. Once t h i s  has been acwmplished sys t ema t i c  s t u d i e s  of the 
dynamic and s ta t ic  properties of t hese  f i l m s  w i l l  be undertaken. 
Conversations w i t h  members of t h e  IBH r e sea rch  lab. i n d i c a t e  t h a t  
our  p re sen t  effor ts  a t  d u p l i c a t i n g  t h e i r  work are going as w e l l  as 
anybody's i n  t h e  country. 
successfu l .  Due to t h e i r  enormous commercial promise IBM is  n o t  
r evea l ing  much about  the a c t u a l  p repa ra t ion  techniques t h a t  they 
have found successfu l .  
However, w e  have n o t  y e t  been completely 
The remainder of Professor Rudee's work concerns the  atudy of 
amorphous semiconductors by e l e c t r o n  microscopy. When a vr 2f a 
semiconducting material i s  condensed on to  a s u b s t r a t e ,  it i r  o f t e n  
observed that the  material forms an amorphous rather than a crys-  
t a l l i n e  s t r u c t u r e ,  and some of these amorphous materials have 
i n t e r e s t i n g  switching and memory app l i ca t ions .  
commercial i n t e r e s t  are usua l ly  b inary  and t e r n a r y  compounds. I n  
order to provide a basis for understanding th see  more complicated 
s t r u c t u r e s ,  a cons iderable  res?arch effor t  has been focused on 
understanding t h e  properties of elemental  amorphous germanium and 
s i l i con .  Tha s t r a t e g y  Itas the  a p p l i c a t i o n  of a lec txon  microacapy to 
'the s tudy of the  a t r u c t u r e  of amorphous germanium and a i l i c o n .  
resul ts  of these e tud iea  have ind ica t ed  t h a t  amorphous germanium and 
The materials of 
The 
9. 
s i l i c o n  have a g r e a t e r  degree of atomic order than had been detected 
by other techniques,  
neve r the l e s s  i l l u m i n a t i n g  experiment has  been performec? which aga in  
i n d i c a t e s  t h a t  there ie mre order than was supposed i n  t h e  cont inu-  
ous  random network hypothesis,  
came from reports rrom Stanford  t h a t  the properties of amorphous 
germanium could be altered by rapor depos i t i ng  t h e  material a t  45O 
from normal incidence,  
t h e  electrical conduc t iv i ty  in amorphous germanium was an i so t rop ic .  
These two reports suggested t h a t  i t  might be va luab le  to examine 
s t r u c t u r a l  an iso t ropy  i n  amorphous germanium. 
both normal incidence and a t  4 5 O  incieence and a s i g n i f i c a n t  d i f fer-  
ence i n  t h e  d i f f r a c t i o n  p a t t e r n s  was measured. From these observa- 
t i o n s  i t  can be concluded t h a t  there exists some a n i s o t r o p i c  s t r u c -  
t u r a l  f e a t u r e  i n  amrphous  germanium, and t h a t  t h i s  f e a t u r e  can be 
o r i e n t e d  during t h e  depos i t i on  process. 
a t  va r i ance  w i t h  the s tandard  random network hypothes is  which assumes 
t h a t  t h e  s t r u c t u r e  and t h e  akomic arrangements w i t h i n  i t  are 
During t h i s  r epor t ing  period, a simple b u t  
The motivat ion f o r  t h i s  experiment 
Nearly s imultaneously B e l l  Labs reported t h a t  
Fi lms were produced a t  
T h i s  observa t ion  clearly is  
isotropic. 
3) Tunable I n f r a r e d  Sources of Coherent Radiat ion 
I n  a program directed by Profesaor  F. K. T i t t e l ,  a tunable  
source of coherent  i n f r a r e d  r a d i a t i o n  has  been developed. 
source produces pulsed  r a d i a t i o n  i n  the kilowatt  power range con- 
t inuoualy  tunabJs  over  t h e  iravelength range from 3.2 t i  to 7.3 P. 
This  has been accomplished by d i f f e r e n c e  frequency genera t ion  as a 
r e s u l t  of mixing two laser beams i n  a phase-matched nonl inear  crys- 
t a l  ( p r o u s t i t e ) .  Two 6chemes are employed: One method involves the 
T h i s  
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optical mixing of a wavelength tunable  dye laser and its fixed fre- 
quency ruby pump while the o t h e r  relies on optical mixing of two dye 
lasers puraped by t h e  same ruby pump laser, I n  p r i n c i p l e  use of dua l  
dye-laser  mixing allows the product ion of d i f f e r e n c e  frequency radia- 
t i o n  from about  Su to t h e  far i n f r a r e d  assuming the  e x i s t e n c e  of 
appropr i a t e  mixing media. 
A Q-switched ruby laser (output  power: 900 kw, p u l s e  dura t ion :  
25 nsec,  TM, mode) is s p l i t  i n t o  two beams with  or thogonal  polari- 
za t ions ,  The approximately 500 kw power of t he  h o r i z o n t a l l y  polar- 
ized component puzpps an e f f i c i e n t  narrow l inewid th  o r g a n i c  dye laser. 
The o p t i c a l  mixing of t h e  two laser beams (ruby and dye) occurs i n  
1 an long p r o u s t i t e  c r y s t a l s .  The second scheme for genera t ion  of 
mid-infrared r a d i a t i o n  is by optical mixing of tw, dye lasers pumped 
by a e0-n ruby laser pump (4 Mw). Dye laser #1 iElBxA i n  D l S O )  pro- 
duces a h o r i z o n t a l l y  polarized o u t p u t  of 120 kw p u l s e s  (< 3A) i n  the 
wavelength range E400 to 8500A. A v e r t i c a l l y  polarized ou tpu t  of 
200 kw p u l s e s  (< SA) is ob ta ined  from dye laser C2 (OXA i n  DMSO) i n  
the  wavelength range 7450 to 7800A. 
0 
0 
0 
0 
The two dye laser beams are 
recombined by a dichroic reflector and fcmsed i n t o  a p r o u s t i t e  
c r y s t a l ,  which i s  appropr i a t e ly  oriented for optimum phase-matched 
mixing of the two dye laser outputs .  
B. Hydrogen i n  Metals and Stress Corrosion Phenomena 
Staff: P. R. Brotzen, Professor of Materials Science 
C. 6. Harkins,  Senior Research Chemist i n  Materials Science 
N. F. Lane, P ro fes so r  o f  Phys ics  
R. B. McLellan, Associate professor of Materials Science 
J. R. Roberts, P ro fes so r  of Haterials Science 
H. E. Rorschach, .Professor of Phys ics  
The past f e w  y e a r s  have seen an unprecedented upsurge of 
i n t e r e s t  i n  t h e  physics, chemistry,  and technology o f  metal-hydrogen 
systems. T h i s  occurrence r e s u l t s  from t h e  i n c r e a s i n g  r e a l i z a t i o n  of 
t h e  role played by hydrogen i n  many phenomena of v i t a l  importance 
i n  p h y s i c a l  meta l lurgy  such as embri t t lement  and stress corros ion  
c racking ,  where t h e  presence of very l o w  concen t r a t ions  of hydrogen 
a t o m s  can  d i s a s t r o u s l y  impair the  mechanical properties o f  con- 
s t r u c t i o n  materials. ~n addition to t h e  technologica l  s i g n i f i c a n c e  
of  hydrogen-metal systems, i t  is  also apparent  t h a t  t h e i r  s tudy  can 
throw much l i g h t  on some of t he  basic problems of s o l u t i o n  theory.  
The r e l a t i v e l y  l a r g e  mob i l i t y  of t h e  hydrogen atom i n  many metals 
enables  equi l ibr ium thermodynamic measurements to be made over much 
larger temperature ranges than is o the rwise  possible. This  enables  
very  accurate measurements of i n t e r a c t i o n  e n e r g i e s  and e n t r o p i e s  to 
be made. These data can be correlated w i t h  t h e  electronic s t r u c t u r e  
of t he  s o l v e n t  metal. I n  a d d i t i o n  to t h e  l a r g e  temperature range, 
many metals d i s s o l v e  very l a r g e  amounts r,f hydrogen, y i e l d i n g  data 
uniquely s u i t a b l e  f o r  s tudying t h e  nature o f  t h e  i n t e r a c t i o n s  
2. 
The work being undertaken a t  R i c e  encompasses between s o l u t e  atoms, 
a broad range of s t u d i e s  ranging from t h e o r e t i c a l  cons ide ra t ions  of 
t h e  in t e ra tomic  potentials i n  t h e  neighborhood of a dissolved hydro- 
gen atom to t h e  effects of dissolved hydrogen on t h e  mechanical 
p r o p e r t i e s  of metals and a l loys .  
A high degree of cooperat ion exis ts  between t h e  i n d i v i d u a l  
members of the reseazch  team and indeed some o f  t h e  research projects 
were planned as t h e  r e s u l t  of d i scuss ions  involving a l l  t h e  
researchers. 
Dr .  N. F. Lane is undertaking a t h e o r e t i c a l  s tudy  directed 
toward understanding t h e  e f f e c t s  of hydrogen on va r ious  properties 
of m e t a l s .  Residual  resist ivit ies of metals conta in ing  small concen- 
t r a t i o n s  of hydrogen provide one type of probe on t h e  effect  of a 
hydrogen atom on the local e l e c t r o n  density. Previous t h e o r e t i c a l  
c a l c u l a t i o n s  based on t h e  l i n e a r i z e d  screening  model are i n  s e m i -  
q u a n t i t a t i v e  agreement w i t h  r e s i s t i v i t y  measurements. 
e f f o r t  is directed toward r e f i n i n g  these  c a l c u l a t i o n s  by t ak ing  i n t o  
account t h e  e f f e c t s  of d e n s i t y  o s c i l l a t i o n s  (Friedel O s c i l l a t i o n s )  
on t h e  s c a t t e r i n g  phase s h i f t s  and thus  t h e  momentum-transfer 
cross s e c t i o n s  which e n t e r  i n t o  t h e  r e s i s t i v i t y  c a l c u l a t i o n s .  Pre- 
l iminary r e s u l t s  show t h a t  t he  effect  of inc luding  Friedel Oscilla- 
t i o n s  w i l l  be s i g n i f i c a n t  and should lead t o  a much improved 
d e s c r i p t i o n  of t h e  e l e c t r o n  s c a t t e r i n g  and thus  an improved theory 
for t he  r e s i d u a l  r e a i s  t i v i t y .  
The p r e s e n t  
3. 
Dr. H. E. Rorschach is also engaged i n  a fundamental s tudy  of 
t h e  n a t u r e  of t h e  i n t e r a c t i o n  of a proton  w i t h  t h e  lattice i o n s  and 
t h e  band e l e c t r o n s  so t h a t  a more basic understanding of hydrogen 
d i f f u s i o n  and s o l u b i l i t y  i n  metals can be obtained.  I n  t h i s  work 
t h e  i n t e r a c t i o n  of t h e  proton w i t h  t h e  e l e c t r o n s  is  s t u d i e d  by 
consider ing the effect of dissolved hydrogen on t h e  superconducting 
t r a n s i t i o n  and elLctrical  resist ivity.  
has been developed for measuring t h e  electrical r e s i s t i v i t y  of 
u l t r a p u r e  metal samples. 
c r y s t a l s  of Mo and Re and on Mo + H specimens. 
work is  to i n v e s t i g a t e  the c l u s t e r i n g  of hydrogen atoms dur ing  
cold-work by observing the concomitant r e s i s t i v i t y  changes. 
In a d d i t i o n  to the  work d i r e c t l y  related to c l u s t e r i n g ,  
An eddy-current technique 
Measurements have been made on  pu re  s ing le  
The object of t h i s  
Dr. Rorschach i s  also i n v e s t i g a t i n g  several theoret i -1  problems of 
cons iderable  i n t e r e s t  for a basic understandinn of hydrogen-metal 
so lu t ions .  These problems encompass the  importance of the  Wigner  
Condensationg1 for protons, the p o s s i b i l i t y  of an attractive com- 
ponent i n  t he  proton-proton i n t e r a c t i o n  due to t h e  presence of 
phonons, I f  t h i s  i s  t h e  case, the p o s s i b i l i t y  o f  p r o t o n i c  super- 
conduct iv i ty  m u s t  be considered. S ince  t h e  above i n t e r a c t i o n s  
affect the  transport properties of hydrogen i n  metals, experiments 
are also being designed i n  which semi-permeable membranes and 
poten t iomet r ic  techniques w i l l  be used tc, measure proton concen- 
t r a t i o n s  and mobilities i n  metals. 
4. 
tr. R. 8. McLellan is i n v e s t i g a t i n g  the i n t e r a c t i o n  of 
hydrogen i n  metals from t h e  s t andpo in t  of thermodynamics and statis- 
tical mechanics. Despite t h e  r e l a t i v e l y  large bulk of thermodynamic 
data r e f e r r i n g  to hydrogen-metal s o l u t i o n s ,  s i g n i f i c a n t  gaps i n  the  
knowledge occur.  
these gaps is underway. 
func t ion  of temperature is  being measured w i t h  respect to Ez- 
molecules a t  atmospheric presbure.  The "equilibrate-quench-analyze" 
technique i s  being used. 
enables  e q u i l i b r i a  spanning a w i d e  temperature range to be measured, 
so t h a t  t he  a n a l y s i s  of t he  s o l u b i l i t y  data yields  accu ra t e  data for 
the anergy and entropy of a dissolved hydrogen a t o m .  
ments have a l r eady  been made f o r  the s o l u t i o n s  of hydrogen i n  Eb, N i ,  
Ir, Rh, Ru, Cu, Au, Ag ,  C r ,  t J  and A l .  Curren t  measurements are being 
made of t h e  s o l u b i l i t y  of hydrogen i n  the  "binary" metal s o l v e n t s  
Fe + C r  and Fe + ps i .  
possible c o r r e l a t i o n  between t h e  energy needed to dissolve a H-atom 
and the  e l e c t r o n i c  s t r u c t u r e  of the  s o l v e n t  so lu t ion .  Furthermore, 
high:y stable low-temperature s u p e r l a t t i c e s  appear i n  t h e  systems 
Fe Ai and Fe3Cr so t h a t  t h e  p o s s i b i l i t y  of forming t e r n a r y  super- 
lat t ices e x i s t s .  
An experimental  program aimed a t  f i l l i n g  s o m e  of 
The H-solubi l i ty  of a series of metals as a 
The high mob i l i t y  of hydrogen i n  metals 
Such measure- 
These systems are o f  i n t e r e s t  i n  view of t he  
a 
Other experi.nenta1 work is centered  on measuring the composi- 
t i o n  .lariation i n  t h e  elastic p r o p e r t i e a  of hydrogen-metal s o l u t i o n s  
at high  temperatures. Such information is necessary to enable a 
comparison to be made between the r e s u l t s  of stat is t ical  mechanical 
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model8 for solid s o l u t i o n s  (which normally assume cons tan t  volume) 
and measured partial  thermodynamic func t ions  (measured a t  c o n s t a n t  
pressure) .  
Theoretical  work i s  being undertaken on the i n t e r e s t i n g  low- 
temperature s u p e r l a t t i c e s  formed i n  t h e  s o l u t i o n s  of hydrogen i n  the 
Group V m e t a l s  Ta, V,andNh, Asta t i s t ica l  mechanical model involv ing  
a hard short-range H-H r e p u l s i v e  i n t e r a c t i o n  has  been shown to be i n  
good accord w i t h  the measured thermodynamic func t ions  of the par- 
t i a l l y  ordered systems above the order-disorder t r a n s i t i o n  tempera- 
t u r e  and also wi th  the geometry of t h e  ordered phase (orthorhombic). 
I n v e s t i g a t i o n s  mre d i r e c t l y  related to hydrogen-induced 
f a i l u r e  mechanisms are being undertaken by D r .  F. R, Brotzen, 
Despite a large volume of experimental  data covering many aspects of 
hydrogen embri t t lement ,  there does n o t  seem to be any clear under- 
s tanding of the specific n a t u r e  of t h e  i n t e r a c t i o n  between hydrogen 
and the m e t a l  s t r u c t u r e  t h a t  would e x p l a i n  embri t t lement ,  
previous work a model based on t h e  i n t e r a c t i o n  between dissolved 
hydrogen and d i s l o c a t i o n  pi le-ups was proposed. I n  order to 
quan t i fy  t h i s  model, t h e  na tu re  oE t h e  stress d i s t r i b u t i o n  around a 
d i s l o c a t i o n  pi le-up must be understood. Curren t  i n v e s t i g a t i o n s  are 
aimed a t  so lv ing  t h i s  problem for t h e  case where the dislocations 
l i e  concen t r i ca l ly  around a c i r c u l a r  i nc lus ion .  The differences i n  
the moduli of edge and screw d i s l o c a t i o n s  are neglected.  
a s a t i s f a c t o r y  s o l u t i o n  for t h e  radial d i s t r i b u t i o n  of d i s l o c a t i o n s  
i n  a c i r c u l a r  pi le-up has  been found, i t  has n o t  y e t  been possible 
I n  
Although 
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to c a l c u l a t e  c o r r e c t l y  t h e  c o e f f i c i e n t s  con ta in ing  t h e  variables o f  
the  i n n e r  and o u t e r  limits of the  pile-up. 
being used to o b t a i n  a so lu t ion .  
Various approaches are 
A direct i n v e s t i g a t i o n  concerning t h e  effect of hydrogen on 
mechanical p r o p e r t i e s  is  also being pursued by Dr .  J. M. Roberts 
who is measuring t h e  f r a c t u r e  behavior of s i n g l e - c r y s t a l  and poly- 
c r y s t a l l i n e  samples of molybdenum, doped w i t h  1 ppm of hydrogen. 
This  s m a l l  amount of hydrogen w a s  found to  i n c r e a s e  t h e  duc t i l e - to -  
b r i t t l e  t r a n s i t i o n  temperature by 125OC for p o l y c r y s t a l s  and by 5OoC 
for  s i n g l e  c r y s t a l s .  The d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  for H-doped 
samples extends over a wider range (200Oc)for t he  p o l y c r y s t a l s  than 
for t h e  s i n g l e  c r y s t a l s  (QOOC) .  The data sugges t  t h a t  t h e  o n s e t  o f  
b r i t t l e n e s s  i n  the  p o l y c r y s t a l  specimens con ta in ing  hydrogen may be 
associated wi th  the e a r l y  o n s e t  of necking a t  a cri t ical  stress 
va lue  (not  s t r a i n ) .  I n  t h e  s i n g l e  c r y s t a l s  however t h e  data ind i -  
cate t h a t  t h e  mechanical behavior a f te r  necking is decidedly  d i f f e r -  
e n t  between H-doped and H-free specimens. 
The t e n t a t i v e  conclusion has been drawn t h a t  hydrogen, o r  
hydrogen-impurity clusters, appear to  become mobile and migrate  i n  
t h e  long-range stress f i e l d s  o f  d i s l o c a t i o n  groups i n  po lyc rys t a l s .  
This  r e l a x e s  t h e  stress i n t e r n a l l y  a l lowing local recovery to be 
g r e a t e r  than local hardening. This  would account f o r  t h e  e a r l y  
o n s e t  of necking. Apparently strong obstacles such  as g ra in  
boundaries are necessary to i n i t i a t e  local s t r a i n  i n s t a b i l i t y ,  
7. 
Dr. Robert6 p l a n s  to c a r r y  o u t  a similar program us ing  s ing le  
and p o l y c r y s t a l l i n e  Ta specimens. 
r e s u l t s  ob ta ined  on H-doped molybdenum have mre genera l  applica- 
b i l i t y  to t h e  embri t t lement  of B.C.C. metals by hydrogen. 
I n  a d d i t i o n  to t h e  above i n v e s t i g a t i o n s ,  Dr .  Roberts i s  
Th i s  should i n d i c a t e  if t h e  
i n i t i a t i n g  an  i n v e s t i g a t i o n  of the  effects of H-additions on the  
s u r f a c e  s t r u c t u r e  of deformed and f r a c t u r e d  tantalum s i n g l e  c r y s t a l s  
and po lyc rys t a l s .  A t  t h e  same time megacycle-range elastic cons t an t  
meamrements w i l l  be made on pure  and H-doped Ta s i n g l e  crystals. 
D r .  F. R. Brotzen and Dr .  G. Harkins have j o i n t l y  been pursuing 
a s tudy  of hydrogen embri t t lement  and stress cor ros ion  i n  t r a n s i t i o n  
metals. 
mental i n v e s t i g a t i o n  of t h e  H-induced embri t t lement  of materials 
us ing  an environmental chamber w i t h  t h e  appropr i a t e  monitor ing 
equipment for a c c u r a t e  atmosphere con t ro l .  I n  a d d i t i o n  to t h e  
environmental chamber a vacuum e x t r a c t i o n  chamber featurLng grease-  
free and mercury-free ope ra t ions  i s  under cons t ruc t ion .  Th i s  
f a c i l i t y  w i l l  enable  very  accu ra t e  r e s i d u a l  hydrogen to be measured. 
Since hydrogen embri t t lement  can r e s u l t  from the  d i s -q lu t ion  of 
such minute q u a n t i t i e s  of hydrogen i n  t h e  embrittled material, 
accu ra t e  a n a l y t i c a l  fac i l i t i es  are necessary i n  a n  exhaus t ive  and 
c a r e f u l  atudy of environmental embrittlement involving hydrogen. 
The major p o r t i o n  of t h i s  work w i l l  c o n s i s t  of t he  exper i -  
C .  Polymers and Materials at High Temperatures and Pressures 
Staff: C. D . Armeniades, Assoc. Professor of Chemical Engineering 
L. V. McIntire, Asst. Professor of Chemical Engineering 
J. L. Margrave, Professor of Chemistry 
J. M. Roberts, Professor of Materials Science 
Structural polymers and polymer composites show unusual 
promise as materials for aerospace applications, because of their 
high strength-to-weight ratio. However, current use of these 
materials is limited by their severe embrittlement at low tempera- 
tures. This grant contributes to the support of research, which 
seeks to understand the effects of chemical structure and molecular 
organization on the mechanical propc des of structural polymers 
at cryogenic temperatures and to develop criteria for optimizing 
their low-temperature ductility. Theoretical work is also con- 
ducted on the phenomenon of melt fracture, which has immediate 
applications in the extrusion of thermoplastic polymers. In 
addition, the grant contributes to the support of studies of 
solids and liquids at high temperatures and high pressures using 
specially developed instrumentation and techniques. These studies 
have provided previously unavailable data on the thermodynamic 
properties and crystal structure of various high-melting metals 
and alloys, which are important in engine construction. They 
have also established the structural forms of inorganic compounds 
at extreme conditions. Activities in these projects during the 
current period may be summarized as follows: 
1) Struc ture-Proper ty  Re la t ions  i n  Semic rys t a l l i ne  Polymers 
. This  p r o j e c t  under t h e  d i r e c t i o n  o f  P ro fes so r s  Armeniades 
and Rober t s  seeks t o  r e l a t e  t h e  low-temperature mechanical 
p r o p e r t i e s  of s e l e c t e d  s e m i c r y s t a l l i n e  polymers wi th  t h e i r  
chemical s t r u c t u r e  and molecular  o rgan iza t ion ,  i n  o rde r  t o  
e l u c i d a t e  t h e  s t r e s s - t r a n s f e r  mechanism from a macroscopic 
t o  a molecular  scale. 
r igo rous  b a s i s  for s e l e c t i n g  and process ing  polymeric 
m a t e r i a l s  for s t r u c t u r a l  a p p l i c a t i o n s  i n  aerospace.  
Its r e s u l t s  should h e l p  provide a 
Experimental  work dur ing  t h i s  per iod  involved q u a n t i t a -  
t i v e  de te rmina t ion  of t h e  e f f e c t  of u n i a x i a l  o r i e n t a t i o n  
(drawing) on t h e  tempera ture  and s t r e n g t h  of t h e  i n t e r n a l  
f r i c t i o n  peaks i n  s e m i c r y s t a l l i n e  polye thylene  t e r e p h t h a l a t e .  
These experiments  u t i l i z e d  a r e c e n t l y  cons t ruc t ed  a t tachment  
t o  t h e  c ryogenic  t o r s i o n  pendulum, t h a t  permi ts  in s i t u  
t e n s i l e  deformation of t h e  specimens, which are then sub jec t ed  
t o  dynamic mechanical measurements i n  the same appara tus .  I t  
was found t h a t  u n i a x i a l  drawing causes  an upward s h i f t  i n  
peak temperature  and an inc rease  i n  t h e  s t r e n g t h  of t he  and 8 
r e l a x a t i o n s ,  i n  agreement wi th  our  e a r l i e r  theory ,  which 
a t t r i b u t e s  these r e l a x a t i o n s  t o  motion of d e f e c t  s t r u c t u r e s  
i n  the  s e m i c r y s t a l l i n e  polymer. 
concurren t  work is aimed a t  ex tending  the model, proposed 
f o r  t h e  motion of d e f e c t s  i n  l i n e a r  polymer chains  wi th  p l ana r  
aig-zag conformations to the helical chain conformations, 
characteristic of anisotropically substituted polymers in 
a crystalline lattice. Polychlorotrifluorethylene (PCTFE, 
known conrmercially as Kel F) is used as a representative 
polymer, since it can be prepared (by proper thermal pro- 
cessing) in a wide range of crystalline contents. Prelimin- 
ary data indicate that this polymer shows a broad relaxa- 
tion peak around 120°K, the temperature where it was shown 
in our previous experiments to undergo a transition from 
ductile to brittle fracture in static tensile tests. 
2)  Rheological Properties of Polymer Melts 
The problem of surface irregularities, generated during 
polymer melt extrusion has been a bothersome one in thermo- 
plastic melt processing. Empiridal evidence has indicated 
that these instabilities are due to the elasticity of the 
melt an? occur at a critical value of elastic shear strain 
or recoverable elastic strain. Using techniques of hydro- 
dynamic stability analysis and a constitutive equation for 
polymer melts, Dr. McIntire has been able to show that this 
type of instability is predicted to occur theoretically, 
near the critical value of elastic shear strain (or equivi- 
lently Weissenberg number) observed experimentally. This 
gives a quantitative rationale for the empirical observations 
and should be helpful in design procedures for melt extrusion 
equipment. 
Stud ies  of S o l i d s  and Liquids  under High Temperatures and 
High P res su res .  -- 
Research i n  t h i s  area is  conducted under t h e  direction 
of D r .  J. L. Margrave. work du r ing  t h i s  per iod  involved 
f u r t h e r  re f inement  of  a new polychromatic  x-ray d i f f r a c t i o n  
technique  and i n v e s t i g a t i o n  of  c e r t a i n  organic  and organo- 
metallic r e a c t i o n s  a t  h igh  tempera tures  and p res su res .  
s p e c i f i c  a c t i v i t i e s  a r e  a s  follows: 
(1) X-ray D i f f r a c t i o n  Resolu t ion  S tud ie s  To improve the  
r e s o l u t i o n  of  ou tpu t  from a new polychromatic  x-ray d i f f r a c -  
t i o n  technique  descr ibed  i n  prev ious  r e p o r t s ,  s t u d i e s  a r e  
be ing  conducted on t h e  e f f e c t s  of a l t e r a t i o n s  i n  the design 
of  sample ho lde r s .  This  method of  x-ray a n a l y s i s  i s  used t o  
examine most m a t e r i a l s  s tud ied  here and p a r t i c u l a r l y  . in  t h e  
cont inuing  s tudy  of  t h e  h igh  temperature  orthorhombic t o  
cubic phase t r a n s i t i o n  of PbF2. 
en t r ance  and e x i t  x-ray c o l l i m a t o r s  i n  t h e  sample h o l d e r s  
Changes i n  t h e  des igns  of 
have shown t h a t  t h e  en t r ance  co l l ima to r  has  l i t t l e  e f f e c t  on 
t h e  d a t a  output .  A l t e r a t i o n s  i n  t h e  angle  through which t h e  
X-rays a r e  d i f f r a c t e d  g i v e  an i n i t i a l  i n d i c a t i o n  t h a t  maximum 
r e s o l u t i o n  occurs  when t h e  x-rays are d i f f r a c t e d  from a 
s t r a i g h t  path through an angle  of about  6 0 ° .  
(2)  C r y s t a l  S t r u c t u r c  Determinat ion S tudy x-ray powder 
d a t a  i n  conjunct ion  w i t h  a computer program a r e  be ing  used 
t o  determine t h e  c r y s t a l  s t r u c t u r e  of a powdered h igh  tempara- 
t u r e  l u b r i c a n t ,  CFX. Ear ly  resul ts  sugges t  t h a t  it has e i ther  
a monoclini-  o r  an orthorhombic s t r u c t u r e .  
(3) H i q h  Temperature - Hiqh Pressure  s t u d i e s  us ing  a 
h igh  p res su re  t e t r a h e d r a l  a n v i l  device  va r ious  h igh  tempera- 
t u r e  - h igh  p res su re  r e a c t i o n s  are be ing  a t tempted .  
Diamond s y n t h e s i s  a t t empt s  involving t h e  r e a c t i o n  o f  
CFX with  va r ious  meta ls  have y ie lded  a product  whose x-ray 
p a t t e r n  cor rssponds  t o  a diamond s t r u c t u r e  wi th  a s l i g h t l y  
sma l l e r  l a t t i c e  parameter.  More of  t h i s  piudurt  must be 
prepared t o  f u r t h e r  i n v e s t i g a t e  i t s  prDper 5 .  
The s y n t h e s i s  of a m e t a l l i c  s o l i d  PO; iilg a low 
c o e f f i c i e n t  of f r i c t i o n  is being  a t tempted  by s i n t e r i n g  a 
meta l  powder wi th  CFX. T e s t s  conducted so far have used 
n i c k e l  a s  the base  metal ,  and a s o l i d ,  m e t a l l i c  product  
has  been c r e a t e d  alt'nough i t s  f r i c t i o n a l  properk ies  have . 
n o t  y e t  been examined. 
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